Abstract. Although ribosomal proteins are major components of ribosomes, recent data have shown them to have extraribosomal functions apart from ribosome and protein biosynthesis. In our earlier study, we showed that ribosomal protein L13 mRNA was up-regulated in response to DNA damage in hamster cells. We report here that L13 expression is up-regulated in human gastrointestinal cancers. We also examined the biological role of L13 on human cancer cells. Knocking down L13 expression using small interfering RNA (siRNA) resulted in drastic attenuation of cancer cell growth with significant G1 and G2/M arrest of the cell cycle. Moreover, L13 siRNA significantly enhanced the cellular sensitivity to certain DNA damaging agents and, concordantly, L13-overexpressing cells demonstrated greater chemoresistance compared to parent cells, suggesting an inverse correlation between L13 expression and chemosensitivity. By using semiquantitative RT-PCR, we analyzed expression of L13 in freshly resected cancer tissue of the stomach, colorectum and liver. Up-regulation of L13 mRNA expression was observed in 10 (28%) of 36 gastric, 19 (41%) of 46 colorectal and 5 (20%) of 25 liver cancer tissue samples compared to adjacent normal tissue samples. We also found that increased expression of the L13 gene correlated with clinical staging in gastric cancers. The results of this study suggest that L13 plays an essential role in the progression of some gastrointestinal malignancies.
Introduction
Gastrointestinal cancers are quite common malignancies and a major cause of cancer-related deaths throughout the world (1). Early-stage cancer patients are often asymptomatic, resulting in delayed diagnosis and detection only at advanced stages. Additionally, it is well recognized that most patients who undergo surgery for gastrointestinal cancers remain at high-risk for local or systemic relapse. Thus, chemotherapy is a common treatment modality for gastrointestinal cancer (1) . However, cancer chemotherapy is not always clinically effective because cancer cells can acquire a drug-resistant phenotype during carcinogenesis through a variety of mechanisms (2, 3) . Understanding the molecular basis for the sensitivity to chemotherapeutic drugs is expected to improve the efficacy of the drugs and ameliorate severe side-effects in addition to providing useful insights for the optimization of cancer treatment (3) (4) (5) .
To maintain the fidelity of chromosome segregation, eukaryotes have a feedback control mechanism, often referred to as a cell cycle check-point, that arrests the cell cycle in the G1 or G2 phases to allow repair of a damaged template before replication. The activation of cell cycle check-points plays an important role in the DNA damage response, and their impairment contributes directly to the sensitivity to chemotherapeutic drugs (6) (7) (8) (9) . For example, the p53 tumor suppressor participates in the cellular response to DNA damage by regulating cell cycle progression, DNA repair and apoptosis. Indeed, disruption of p53 makes cancer cells more susceptible to chemotherapy-induced apoptosis (10) (11) (12) . We recently reported on the roles of CHFR [check-point with fork head-associated (FHA) and ring finger] and T-fimbrin in cellular sensitivity to chemotherapeutic drugs (13) (14) (15) . However, the presence or alteration of a single factor is generally not predictive of the sensitivity/resistance status of cancer cells.
Using differential display, we have previously isolated genes differentially expressed in Chinese hamster ovary cells after treatment with DNA damaging agents (16, 17) . One of several clones obtained revealed homology to the gene for ribosomal protein L13, encoding a 211-amino-acid protein with a calculated molecular weight of 20, 692 . Recent data have shown that ribosomal proteins may have extraribosomal functions apart from ribosome and protein biosynthesis (18, 19) . For example, the gene encoding ribosomal protein S19 is mutated in approximately 25% of patients with DiamondBlackfan anemia, which is a rare congenital erythroblastopenia (20) . Also, a differential expression of specific ribosomal protein genes was reported earlier as general characteristics of various tumor cell types (21) (22) (23) (24) (25) .
In the present study, we focused on ribosomal protein L13 for its potential role in tumor biology and found that L13 may play a significant role in the proliferation or viability of human gastrointestinal cancer cells. We also show an inverse correlation between L13 expression and chemosensitivity. Our data suggest that the status of L13 expression may be a useful molecular marker for predicting the responsiveness of cancer cells to treatment with chemotherapeutic drugs. Nine gastric cancer cell lines (MKN7,  MKN28, MKN45, MKN74, KATOIII, AZ521, NUGC2,  NUGC3 and NUGC4), 12 colorectal cancer cell lines (SW480,  SW948, HCT116, HCT15, DLD1 , LoVo, HT29, RKO, WiDr, Colo201, Colo205 and Colo320), 9 liver cancer cell lines (Huh6, Huh7, HLE, HLF, PLC/PRF5, JHH4, Hep3B, CHC4 and CHC12), and CHO cells were obtained from either the American Type Culture Collection (Manassas, VA) or the Japanese Collection of Research Bioresources (Tokyo, Japan). All cells were cultured under conditions recommended by their respective depositors. DOX, VP-16, CDDP and DOC were purchased from Sigma (Saint Louis, MO).
Materials and methods

Tissue and cell lines.
Tumor tissue and adjacent non-tumor tissue were obtained from 36 patients with gastric adenocarcinomas, 46 patients with colorectal adenocarcinomas and 25 patients with hepatocellular carcinomas undergoing surgical treatment at the Sapporo Medical University Hospital as described previously (26, 27) . None had received previous chemotherapy. Informed consent was obtained from each subject, and the experiments were approved by the institutional review committee. Each tissue specimen was divided into two pieces after resection. For total RNA extraction, one sample was immediately frozen in liquid nitrogen at the time of surgery and maintained at -80˚C until use. The other sample was processed for pathological examination using haematoxylin and eosin staining for the evaluation of the tumor cell content. Only specimens containing more than 80% tumor cells were used for analysis. All of the tumors were classified according to the TNM classification system of the Union International Contre Cancer (28) . Histologically, according to the classification of Lauren (29) , gastric cancers were also classified into intestinal and diffuse types. Staging of colorectal cancers was also used for Duke's classification (30) .
Sequencing. Total RNA was extracted from cell lines and tissue using Trizol reagent according to instructions from the manufacturer (Invitrogen, Carlsbad, CA). cDNAs were obtained by reverse transcription using a SuperScript preamplification system (Invitrogen) with 2 μg of total RNA. The entire coding region of the L13 gene was amplified by PCR with primers 5'-TTTCCGCTCGGCTGTTTT-3' (sense) and 5'-CGACTGATTCCAAGTCCCC-3' (antisense), as described previously (31) . After amplification, gel-purified PCR products were directly sequenced using an Applied Biosystems model 373S sequencer and a Thermo Sequenase dye terminator cycle sequencing pre-mix kit (Amersham Pharmacia Biotech, Buckinghamshire, UK). Nucleotide sequencing was performed in sense and antisense directions with the primers used for PCR and internal primers.
Semi-quantitative RT-PCR and Northern blot analysis.
For semi-quantitative RT-PCR analysis, cDNAs were synthesized as described above. The RT-PCR exponential phase was determined on 20-30 cycles to allow semi-quantitative comparisons among cDNAs from identical reactions. The PCR conditions involved an initial denaturation step at 94˚C for 2 min, followed by 30 cycles (for L13) or 25 cycles (for GAPDH) at 94˚C for 30 sec, 58˚C for 30 sec and 72˚C for 1 min. Oligonucleotide primer sequences were as follows: L13 sense, 5'-GCATTTC TGTGGATCCGAGGAG-3'; L13 antisense, 5'-CGACTGAT TCCAAGTCCCC-3'; GAPDH sense, 5'-ACCACAGTCCAT GCCATCAC-3'; and GAPDH antisense, 5'-TCCACCACCC TGTTGCTGTA-3'. The PCR products were visualized by electrophoresis on 1.5% agarose gels. For Northern blot analysis, total RNA (10 or 20 μg) was electrophoretically separated on a 1% agarose gel containing 2.2 M formaldehyde and blotted onto a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). RNA was visualized with ethidium bromide to ensure that it was intact and loaded in similar amounts and to confirm proper transfer. Hybridization was performed as described previously (32) . cDNA probes for L13 were amplified by RT-PCR and sequenced to verify their identity. For measurement of mRNA stability, 50% confluent cells were treated with 25 μM VP-16 for 2 h to induce DNA damage or were left untreated (for controls). Actinomycin D (10 μg/ml) was added to the culture 12 h later to inhibit further transcription. Cells were harvested at different time-points and total RNA was extracted for Northern analysis.
RNA interference (RNAi) . siRNAs (Dharmacon Research, Lafayette, CO) for L13 with the following target sequence were used: si-L13-1, 5'-AACGGUUCGGUACCACACGAA-3'; and si-L13-2, 5'-AAGGAAGCCGCAGAACAGGAU-3'. A negative control siRNA termed Non-specific Control VII (target sequence: 5'-NNACTCTATCGCCAGCGTGAC-3') was also purchased from Dharmacon and has no significant homology to any known human sequence. Cells (5x10 6 ) were transfected with 250 pmol of L13-specific and control siRNA oligoduplexes by using the Amaxa Nucleofector Device (program O-17, kit T for NUGC4; and program D-32, kit V for HCT116) following the manufacturer's instructions for adherent cells (Amaxa, Cologne, Germany). At the indicated time-points after the transfection, cells were used for RT-PCR, cell viability assays and flow cytometry. Transfection efficiency (75% at 24 h post-transfection) was monitored by using fluorescein-labeled dsRNAi and immunofluorescence microscopic analysis. L13 mRNA levels were determined by RT-PCR analysis as described above.
Plasmid constructs and transfection. The entire coding region of the human L13 cDNA was subcloned into mammalian expression vector, pcDNA3.1/His (Invitrogen), using EcoRI sites. The plasmid construct was sequenced and named pcDNA/ His-L13. For plasmid transfection, cells were plated at 5x10 5 cells in 60-mm dishes 1 day before transfection. Transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions with 2 μg of the L13 expression plasmid (pcDNA/His-L13) or an equal amount of empty vector plasmid (mock). Two days later, transfection was repeated in order to maintain His-L13 expression long enough for the proliferation assay. Expression of His-L13 was checked by immunoblot analysis as described previously (33) .
Cell viability assay. Proliferation of transfected cells was analyzed by using the trypan blue exclusion method and a hemocytometer during the time course, as described previously (33) . To evaluate the chemosensitivity of cells to some DNA damaging agents, we determined proliferation rates by measuring the uptake of tritium thymidine using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Transfected cells were seeded in each well of 96-well plates at 5x10 3 cells per well, and subsequently treated with DOX, VP-16, CDDP and DOC, respectively. After 48-h incubation, MTT assay was performed in triplicate using a Cell Counting kit-8 (Dojindo, Tokyo, Japan) according to the manufacturer's instructions. The colorimetric readout in this assay reflects the number of metabolically active mitochondria, and hence viable cells, in a given well. Values were normalized relative to cells not treated with chemotherapeutic agents. Data shown are representative of three independent experiments. The colony formation assay was described previously (13, 15, 34) . Briefly, cells were transfected with the L13 expression plasmid (pcDNA/His-L13) or the empty vector plasmid as described. The transfected cells (5,000 cells/6-cm plate) were treated with 25 μM VP-16 for 2 h. Cells were then rinsed and maintained in medium. After 2 weeks, colonies were fixed and stained with Giemsa stain, and surviving fraction was counted.
Cell cycle analysis. The cell cycle was examined using FACS analysis. Cells were harvested and fixed in 70% ethanol. The fixed cells were then stained with propidium iodide (50 μg/ ml) after treatment with RNase (100 μg/ml). The stained cells were analyzed for DNA content by fluorescence-activated cell sorting (FACS) in a FACScalibur (Becton-Dickinson Instrument, San Jose, CA). Cell cycle fractions were quantified using CellQuest (Becton-Dickinson).
In vivo tumorigenicity assay. All animals were maintained and all animal experiments were conducted according to the principles enunciated in the Guide for the Care and Use of Laboratory Animals prepared by the Office of the Prime Minister of Japan. For the tumorigenicity assay, HCT116 colorectal or NUGC4 stomach cancer cells were transfected with either si-L13-2 or si-cont. After 24 h, cells were harvested by trypsinization, washed in PBS and counted by trypan blue exclusion staining. Viable cells (2x10 6 cells in 200 μl) were then injected subcutaneously (s.c.) into the right flanks of female BALB/c nude mice, 4-6 weeks of age. Seven mice were used for each treatment group. Tumor formation in mice was observed weekly for up to 5 weeks. The tumor volume was calculated using the equation, V (mm 3 ) = axb 2 /2, where a is the largest dimension and b is the perpendicular diameter.
Statistical analysis.
The relationship between the expression of the L13 gene and clinicopathological characteristics in gastrointestinal malignancies was examined by the ¯2 test or Fisher's exact test. P-values <0.05 were regarded as statistically significant.
Results
Mutational analysis of the L13 gene in gastrointestinal cancer cell lines.
We previously demonstrated elevated levels of L13 transcripts in CHO cells after treatment with DNA damaging agents, suggesting that L13 is a stress-inducible gene. Alternatively, L13 has been reported as the breast basic conserved 1 (BBC1) gene, which was expressed in benign fibroadenomas at higher levels than in malignant breast tumors. Mutations of the L13 gene were observed at a lower incidence in human prostate cancers (35) . We have first examined the mutational status of L13 cDNA in 9 gastric cancer cell lines, 12 colorectal cancer cell lines and 9 liver cancer cell lines. However, no mutations in the L13 gene were detected by direct sequencing. As shown in Table I , three polymorphisms were identified. Two of these did not result in amino acid changes, 144 T→G and 192 C→T. Only one base substitution, nucleotide 385 G→A, caused an amino acid substitution at codon 129 from Ala→Thr, but this is a known polymorphism that was described in the previous paper (31) . Our results indicate that L13 mutations are rare in human cell lines derived from gastrointestinal cancers.
Stability of L13 mRNA after DNA damage. We then examined whether L13 is activated in human cancer cells in response to DNA damage. Expression of L13 was determined by Northern blot analysis in NUGC4 human stomach cancer cells. As a result, we found that L13 transcript levels were increased by Table I . Polymorphisms of the L13 gene in gastrointestinal cancer cell lines.
-and 2.6-fold in response to VP-16 and CDDP, respectively (Fig. 1A) . Altered mRNA stability has been demonstrated to be an important mechanism in the regulation of cellular growth control. We, therefore, determined the stability of L13 mRNA following DNA damage. NUGC4 cells were treated with 25 μM VP-16 for 2 h or were left untreated (for controls). Twelve hours later, cultures received the RNA synthesis inhibitor, actinomycin D, to inhibit further transcription. RNA samples isolated from the cells at various times after actinomycin D treatment were tested for L13 expression by Northern blot analysis. As shown in Fig. 1B , after VP-16 treatment, L13 mRNA showed a dramatic increase in stability compared to that in untreated growing cells. These results suggest that L13 induction may result, at least in part, from increased transcript stability after DNA damage.
Because the tumor suppressor protein, p53, plays an important role in regulating the cellular response to DNA damage, we decided to investigate whether the DNA damageinduced L13 mRNA stability was dependent on p53, using HCT116 p53 wild type (p53 +/+ ) and its derivative cells lacking p53 (p53 -/-). We found that treatment with VP-16 increased the L13 mRNA stability in both cell lines, indicating that the L13 transcript is stabilized in cells containing DNA damage regardless of the status of the p53 gene (Fig. 1C) .
Silencing of the L13 gene by small interference RNAs inhibits cell growth. To begin to address the functional importance of L13 in human cancer cells, we used siRNAs to decrease the expression of L13. The siRNAs used in these experiments were designed to be complementary to several regions of the corresponding mRNA, and each siRNA was synthesized and then screened for the ability to down-regulate L13 expression. We found that two sequences, si-L13-1 and si-L13-2, were effective at suppressing L13 expression, so they were used in subsequent experiments. An siRNA lacking sequence homology with any human gene was used as a control (si-cont). NUGC4 human stomach cancer cells were transfected with double-stranded siRNA oligonucleotides. Cells were harvested 48 h after transfection, and L13 expression was analyzed by RT-PCR. As shown in Fig. 2A , both L13 siRNA oligonucleotides effectively blocked L13 expression. Control siRNA had no effect on L13 expression. Although NUGC4 cells expressed negligible levels of L13 in cells exposed to L13 siRNAs, the expression of GAPDH mRNA was unaffected by the L13 or control siRNAs (Fig. 2A) . We then evaluated the effects of decreased L13 expression on the growth of NUGC4 and HCT116 cells at different time-points by cell counting. As shown in Fig. 2B , siRNA targeting L13 suppressed the proliferation of both types of cells by more than 50% of the control value at the second day, and more extensively by day 4 (Fig. 2B) . At the same time-points, however, no evidence of apoptosis was detected upon L13 silencing by siRNA, as judged by the lack of nuclear fragmentation (data not shown). We further analyzed the effect of L13 siRNA on cell cycle progression and showed that L13 silencing by siRNA caused a significant degree of cell cycle arrest, as indicated by the reduction of the number of cells in S phase (Fig. 2C) . Fortyeight hours after transfection, 17% of si-L13-2-treated cells were in S phase compared with 36% of si-cont-treated cells (Fig. 2C) . These data indicated an important role of L13 in cancer cell survival and growth.
We then investigated the role of L13 on chemosensitivity. Transfected cells were exposed in vitro to chemotherapeutic agents used to treat gastrointestinal malignancies, DOX, VP-16 and CDDP. Forty-eight hours later, chemosensitivity was measured using the MTT assay. We found that decreased expression of L13 resulted in increased cell sensitivity to chemotherapy (Fig. 2D) . These data suggested that the cellular response to DNA damage could be greatly affected by L13-knockdown.
Tumorigenicity of L13-silenced cancer cells.
To further determine whether the observed inhibitory effects of the suppression of L13 on tumor cell proliferation in vitro could be demonstrated in an in vivo model, we tested the tumorigenic potential of L13-silenced cancer cells in nude mice. Viable NUGC4 cells (2x10 6 /mouse) transfected with either si-L13-2 or si-cont were subcutaneously injected into seven mice in each treatment group. Tumors started to form around 10 days after injection and were observed in all mice who received injections of si-cont-transfected NUGC4 cells. Once tumors were established, they grew aggressively, ultimately reaching an average volume of about 200-300 mm 3 within 4 weeks after injection. In contrast, no tumors formed in any of the mice who received injections of NUGC4 cells that had been transfected with si-L13-2 within the same periods of time, indicating that the tumorigenicity of NUGC4 cells was completely suppressed by L13 siRNA (Fig. 3) . When nude mice were inoculated with HCT116 cells, the tumors grew more aggressively than those of NUGC4 cells, but the tumorigenicity of si-L13-2-transfected HCT116 cells was also significantly reduced compared with si-cont-transfected HCT116 cells (Fig. 3) . These in vivo results correlate with the specificity observed in vitro.
L13 overexpression inhibits chemosensitivity. To further explore the potential oncogenic function of L13, we transiently overexpressed L13 in HepG2 hepatocellular carcinoma cells by transfecting them with a CMV-driven expression plasmid (pcDNA/His-L13). HepG2 was chosen because it has a readily detectable expression level of L13, albeit lower than that observed in most human cancer cell lines (data not shown).
We also prepared control HepG2 cells transfected with the mock vector and compared their proliferation with that of L13-overexpressing HepG2 cells by cell counting. Western blot analysis confirmed that a dramatic increase in exogenous L13 protein level occurred as a result of transfection (Fig. 4A) . Interestingly, L13 overexpression did not significantly alter the growth of HepG2 cells (Fig. 4B) . Because silencing of L13 by siRNA markedly increased chemosensitivity, we tested the effect of L13 overexpression on the degree of drug resistance in HepG2 cells using the MTT assay. Four chemotherapeutic agents, DOX, VP-16, CDDP and DOC, were used. As shown in Fig. 4C , the survival percentage of L13-overexpressing cells was significantly higher than that in mock cells after treatment with all four of the drugs. Similar experiments were performed to determine cell proliferation by colony formation assays. This method was chosen because it can quantify the cumulative cell death over a prolonged period. The same number of cells were plated at low density immediately after the second transfection of pcDNA/His-L13 or mock. After 24 h, cells were treated for 1 h with 20 μM CDDP. Colonies were stained and counted 14 days after treatment. As shown in Fig. 4D , L13 overexpression in HepG2 cells increased the survival of cells after CDDP treatment, as determined by colony-forming efficiency. These results further support the notion that a high level of L13 may confer resistance to chemotherapy.
We further investigated whether the increased chemoresistance of L13-overexpressing cells was due to a decrease in apoptosis. Transfected cells were treated with CDDP, after which the percentage of cells undergoing apoptosis was measured by FACS. As shown in Fig. 4E, in mock cells, 29.1 and 50.4% of cells died 24 and 48 h, respectively, after treatment with CDDP but, in L13-overexpressing cells, 15.6 and 27.2% of cells died. These results indicate the potential of L13 to promote resistance of liver cancer cell lines to DNA damage-induced apoptosis.
L13 mRNA expression in gastrointestinal malignancies.
Functional analysis implied that L13 was likely to be involved in carcinogenesis. We then assessed the expression of L13 mRNA in gastrointestinal cancer tissue samples by semiquantitative RT-PCR. Tables I and II. L13 mRNA expression correlated with advanced stage in patients with gastric cancer. In colorectal cancer, there was a trend towards an association between upregulation of L13 mRNA expression and advanced stage, although these associations were not statistically significant. There was no correlation of L13 expression with histological type in gastric or colorectal cancer samples. In contrast, no significant association was found between up-regulation of L13 mRNA expression and clinicopathological characteristics including clinical staging, size of tumor, histological differentiation, and hepatitis B or C virus infection in liver cancer samples (data not shown).
Discussion
In this study, we focused on a novel stress-inducible gene, L13, as one of the transactivated genes in gastrointestinal cancer cells. We show that L13 expression is directly associated with the proliferation and survival of NUGC gastric and HCT116 colorectal cancer cells. Specific inhibition of L13 expression by siRNA tranfection resulted in a drastic reduction of cell growth (Fig. 2B) . Although no evidence of apoptosis was seen after L13 silencing, the clearly decreased proliferation rate may be based on a direct effect on the cell cycle. In fact, we observed G1 and G2/M phase arrest in NUGC4 cells after L13 siRNA transfection (Fig. 2C) . Additionally, to test the prolonged effects of temporary loss of L13 expression, we performed an in vivo tumorigenicity assay and showed that L13 silencing efficiently inhibited the tumorigenicity of cancer cells in nude mice (Fig. 3) . The data suggest that decreased L13 expression imparted a possible long-term growth disadvantage on NUGC gastric and HCT116 colorectal cancer cells, which is rather surprising for a short-term gene knockdown approach such as siRNA. Given that most tissue culture cell lines have detectable L13 expression, it was of interest to Table II . Relationship between expression of L13 mRNA and clinicopathological characteristics in gastric adenocarcinomas. 
a P-values were calculated using the ¯2 test or Fisher's exact test.
- ---------------------------------------------------------------------------------------------------- assess the specificity of L13-dependent proliferation in a non-gastrointestinal cancer cell line.
In mammals, L13 was initially identified as the BBC1 gene, which is down-regulated in human malignant breast carcinomas as compared to benign breast fibroadenomas (36) . The L13 gene is localized in the chromosome region, 16q24.3 (37) , which was previously shown to be the LOH region in breast, prostate, gastric and liver cancers (37) (38) (39) (40) (41) (42) (43) (44) (45) , suggesting that L13 may be a plausible candidate tumor suppressor gene. To test this possibility, we examined the mutational status of L13 cDNA in 30 gastrointestinal cancer cell lines. However, no mutations in the L13 gene were detected by direct sequencing. A previous study also reported that no L13 mutation was observed in breast carcinomas (31) , which is consistent with our result. These findings imply that this gene is not a potential tumor-suppressor gene and that another gene at 16q24.3 must be a target for LOH in human cancers.
The present report also establishes a causal link between L13 and the response to DNA damage. Previous work from our laboratory demonstrated that L13 is up-regulated in CHO cells after treatment with chemotherapeutic drugs (16) . In the present study, post-transcriptional regulation of L13 was studied in human cancer cells after exposure to DNA-damaging agents.
L13 transcript levels were measured following treatment with the transcriptional inhibitor, actinomycin D. After treatment with VP-16, L13 mRNA demonstrated an increased stability compared to untreated control cells, regardless of the status of the p53 gene, suggesting that post-transcriptional mechanisms may play a role in the regulation of L13 transcripts (Fig. 1) . More importantly, we show that L13 may be associated with the defensive reaction mechanism of gastrointestinal cancer cells towards anticancer drugs: knockdown of L13 expression by siRNA significantly enhanced the cellular sensitivity to certain DNA-damaging agents (Fig. 2) . Conversely, exogenous addition of L13 expression into cells inhibited chemosensitivity (Fig. 4) . The destructive mechanisms of chemotherapy on cancer cells are mainly based on the generation of oxidative stress and/or induction of apoptosis (2) . In our present study, we show that VP-16 as well as CDDP (both widely used therapeutic approaches for gastrointestinal cancer) lead to the induction of L13 in cancer cells. This underlines the role of L13 as a stress response gene, showing pronounced upregulation after first-time treatment, leading to the resistance to further therapy, a generally known clinical problem in cancer treatment. Although the molecular mechanism by which L13 induces chemoresistance is not yet clear, the inhibition Table III . Relationship between expression of L13 mRNA and clinicopathological characteristics in colorectal adenocarcinomas. 
-
of L13 expression may be an important approach to overcome the chemoresistance associated with gastrointestinal cancers.
We showed that L13 is up-regulated by genotoxic stress, and that basal L13 function may be necessary for the maintenance of tumor cell growth. The primary structures of ribosomal proteins are well conserved in eukaryotes. L13 is located in the large subunit of ribosomes and is one of 79 ribosomal proteins. To date, L13 homologues have been isolated in a wide range of species, including plants, yeast and animals (46) (47) (48) . Bertauche et al showed that the expression of Arabidopsis thaliana L13 homologue, AtBBC1, positively correlated with active cell division (47) . Moreover, the Drosophila melanogaster, L13, is expressed at all stages of development, with the highest levels occurring during embryogenesis (48) . These findings are consistent with it being a ribosomal protein, since the levels of transcription and translation are relatively high in growing cells (49, 50) . Considering the above findings together with our result showing that silencing L13 by siRNA inhibits cancer cell growth, it seems that the expression levels of L13 genes correlate with active cell division and cell growth.
Reports have also been published that observed the altered expression of some ribosomal proteins in human cancers (21) (22) (23) (24) (25) . The present study is the first to compare L13 mRNA expression levels in tumor versus normal tissue; it demonstrated that the level of L13 mRNA was higher in 28% of gastric, 41% of colorectal and 20% of liver cancer tissues. Remarkably, these changes were frequently found in patients with advancedstage gastric cancer. Support for this finding came from a search in the CGAP based on serial analysis of gene expression, showing that the relative expression of L13 was higher in human stomach and colon cancer tissues compared with normal tissues. We also investigated the functional role of L13 expression in gastrointestinal cancer and found that L13 has significant influence on cancer cell growth. Although production of an antibody that specifically recognizes L13 will be important for confirming the expression of L13 in cancer cells at the protein level, our results indicate that L13 may be a novel target for diagnostic and therapeutic applications. Further investigations of the activation pathway of L13 and its cellular localization during the cell cycle in mammalian cells will facilitate a better understanding of the role of L13 in tumorigenesis.
The molecular mechanism whereby L13 is involved in cancer cell growth is not yet clear. The ribosome complex is essential for protein biosynthesis and consists of a large number of ribosomal proteins and rRNAs. Although the precise structure, functional role, and regulation of individual ribosomal proteins are largely unknown, studies of yeast mutants have revealed that some ribosomal proteins are essential for cell viability. It has been shown that these proteins have extraribosomal functions apart from ribosome and protein biosynthesis, including induction of apoptosis (51, 52) , regulation of development (53) , and DNA repair (54) (55) (56) . Our findings suggest an extraribosomal function of L13. The amino acid sequence of human L13 contains two bipartite nuclear localization signals and a transactivation domain, highly conserved in other eukaryotic L13 proteins (57) . Moreover, specific functions in transcription have been reported for ribosomal proteins S10 (58), L4 (59) and S14 (60). Thus, it is possible that L13 alters the transcription or translation of cell deathrelated gene products that we have not measured. Further experimental approaches are required for a full understanding of the function of L13 protein.
In conclusion, this study demonstrated that it is very likely that L13 plays a significant role in cancer cell viability. High L13 levels in gastrointestinal cancer cells may, at least partly, be responsible for their resistance to anticancer therapy. Furthermore, L13 may act as an endogenous protection mechanism, which potentially makes cancer cells more resistant to apoptotic stimuli, thus providing a growth advantage. Our results indicate that L13 is a novel target for diagnostic and therapeutic applications in gastrointestinal cancer.
